Abstract. This study had two objectives: (1) to compare seasonal and spatial patterns of watercolumn dissolved organic carbon (DOC) and sediment interstitial DOC (IDOC) concentrations at a headwater spring seep, and (2) to explore interactions between sediment organic matter content, benthic bacterial biomass and production, water column DOC concentration, and sediment IDOC concentration and composition (high versus low molecular weight components).
Studies of the distribution and dynamics of al. (1981) and Hynes (1983) suggested that dissolved organic carbon (DOC) in streams have groundwater DOC inputs may be trophically considered the following aspects of water col-important through microbial metabolism of umn DOC: its fluvial patterns, mass balance in these compounds. stream reaches and watersheds, and withinAnother potentially important source of DOC stream transformations (e.g., Fisher and Likens to this interstitial DOC pool is the gradual de-1973, Kaplan et al. 1980, McDowell and Fisher composition of particulate organic matter (POM) 1976). Stream sediments have been shown to buried in stream sediments (Meyer et al. 1987b) . influence water column DOC by physical ad-The existence of DOC concentration gradients sorption and microbial utilization of DOC ranging from <1 mg/L in the water column (Dahm 1981) and by photosynthetic production (e.g., Moeller et al. 1979) , to > 10 mg/L within of DOC (Kuserk et al. 1984) . Recent develop-anaerobic leaf accumulations (C. N. Dahm, Uniments in the study of hyporheic communities versity of New Mexico, personal communicahave attracted attention to the distribution and tion), to >1000 mg/L within decaying and andynamics of DOC in sediment interstitial spaces, aerobic leaf tissues (D. L. Lawson, Michigan State One potentially important source of interstitial University, personal communication) supports DOC to stream sediments is groundwater. Based the idea that long-term particulate organic maton DOC concentration differences between ter decomposition is a source of DOC. Linkages groundwater and seep water and the impor-between POM decomposition, DOC productance^of groundwater to streamflow, Wallis et tion, and microbial metabolism have been made in several recent studies in a variety of systems 1 To whom correspondence should be addressed. * (Cole 1982 , Kato 1984 M. TAD CROCKER AND JUDY L. MEYER [Volume 6 and Andersen 1985, Murray and Hodson 1985) . Thus, the production of DOC within interstitial spaces of sediments by the decomposition of buried POM may be an important trophic link between the riparian vegetation and the benthos, and an important within-stream source of water column DOC, especially in headwater streams with extensive organic matter stores. If decomposition of stored POM is a source of interstitial DOC (IDOC), then the rate of IDOC production should be directly coupled to the rate of POM decomposition. If IDOC generation from stored POM is rapid relative to its fluvial, chemical, and biological loss, then the concentration of IDOC compounds in sites where POM has accumulated should be higher than stream water DOC concentrations. The microbial community will take up some fractions of DOC preferentially, and if microbial uptake is rapid relative to fluvial IDOC losses, IDOC should contain a predominance of refractory compounds. To the extent that these conditions are met, IDOC will represent a within-stream pool of predominantly refractory DOC being generated in proportion to the amount of stored organic matter and being supplied to the water column by diffusion, convection, and physical and biological perturbation of the habitat. The observed concentration of IDOC will reflect the net difference between rates of generation (POM leaching) and loss (microbial uptake and export to the water column). Meyer and Tate (1983) observed water column DOC concentrations to be greater during the growing season than during the dormant season in a southern Appalachian stream. Seasonal differences in temperature, stream flow, organic matter inputs and decomposition influenced the production, metabolism, and transport of DOC. These factors are also expected to influence rates of generation and loss of IDOC and, hence, IDOC concentrations.
This study addressed temporal and spatial aspects of water column DOC and sediment IDOC concentration with reference to mechanisms responsible for concentration patterns. It included seasonal and spatial measurements of water column DOC and IDOC concentration, water column and sediment temperature, and sediment organic matter content and bacterial biomass in aCsmall headwater spring seep. Also, we experimentally explored interactions between sediment organic matter content, benthic bacterial biomass and production, water column DOC concentration, and IDOC concentration and composition (high and low molecular weight components) by altering sediment organic matter content and observing subsequent changes in IDOC concentration and composition, bacterial biomass, and bacterial production.
Study Site
We studied Cold Spring, a headwater seep of Dryman Fork, located within an oak-hickory forest at the Coweeta Hydrological Laboratory in Macon County, North Carolina USA. Elevation at Cold Spring is ca. 1245 m and watershed area is 3.4 ha ). This site was described in detail by Ross and Wallace (1982) and Wallace et al. (1982) . Study sites were located at 0, 7,12, and 32 meters from the headwater seep. Stream width at these sites was 2.5, 2.6, 2.8 and 2.0 m, respectively. Stream depth was usually 3-5 cm at all sites. Sediments were composed of gravel and organic matter, including leaves, sticks, branches, and logs. Sediments in the seep also contained dark, fine soil. Although interstitial oxygen concentrations were not measured, we observed no indication of anaerobic conditions. Dye studies in Coweeta streams indicate rapid exchange of water between the water column and sediments (Nancy Munn, University of Georgia, unpublished data). The seep site (0 m) is referred to here as "the upstream site". The 7 and 12 m sites rarely differed for the variables measured (Crocker 1986 ), and we refer to them collectively as "the downstream site". The site at 32 m was used for experimental studies.
Stream discharge, measured at a culvert 62 m from the seep, ranged from 0.02 L/s during October to 2.10 L/s during May. Seasonal variation in water column temperature was least at the upstream site (7.9-11.0°C) and greatest at the experimentalsite(8.0-17.6°C).Nodetectabledifferences between sediment (0-10 cm) and water column temperatures occurred on the two occasions when we measured both. Hesslein 1976 and Mayer 1976 ) consisted of glass tubes, each containing a dialysis bag, pressed 8-10 cm into the sediments and capped with a foil-covered stopper. Interstitial water entered the glass tubes through several 1 mm pores in the lower 2 cm of each glass tube. Dialysis bags, filled with 15 ml deionized water, were made from Spectra/ For 6 cellulose dialysis tubing (Spectrum Medical Industries, Inc., Los Angeles, California USA). Dialysis membranes were boiled for 10 minutes in a sodium bicarbonate/EDTA solution and for 10 minutes in deionized water. The inside and outside walls of the cleaned tubing were rinsed in deionized water.
Methods
Dialysis bags were held in the glass tubes by a glass rod the same diameter as the tubes. The rod also prevented the creation of a new environment within the well near the bag. After an equilibration period of 6 to 14 d, water within the dialysis bags (10-15 ml) was removed with a glass hypodermic syringe. IDOC samples were filtered only if particles were visible in the dialysis bags (about 5% of the time).
The length of time necessary for the sampler to reach equilibrium with the surrounding water was determined in both field and laboratory incubations. In the laboratory, samplers equilibrated with the surrounding stream water in 2 d (Crocker 1986 ). In sediments of Hugh White Creek (Coweeta Hydrologic Laboratory), equilibration was observed after 6 d (Crocker 1986 ). Seven days was generally used as the equilibration period for this study.
The nominal molecular weight cut-off of the dialysis tubing was 50,000 (Spectrum Medical Industries, Inc.). Recognizing the low resolution of filtration by dialysis, especially of biodegradable membranes used under non-sterile field conditions, we confirmed this approximate pore size in a laboratory study using non-sterile 2000 and 250,000 molecular weight polyacrylic acid solutions (Crocker 1986) . For this study, we use the phrase "low molecular weight" to refer to compounds which entered the dialysis bags, and the phrase "high molecular weight" to refer to compounds excluded by dialysis.
Leaching from dialysis bags was negligible. After 18 d, DOC concentration was the same in beakers of filtered stream water with or without dialysis bags, and DOC concentration inside the bags was less than outside. On one occasion, we stained dialysis membranes that had been in the field for two weeks to qualitatively observe the extent of bacterial colonization. Gram positive and gram negative forms were found on the membranes.
Sediment samples for organic matter analysis and bacterial counts were taken with a plastic corer (12 mm diam.) to a depth of 2 cm. Several core samples were pooled and mixed in a beaker. Five sub-samples for organic matter content and three or four sub-samples for bacterial abundance were removed with a plastic 1.3-ml spatula. Sediment organic matter content was estimated as dry mass lost upon combustion (450°C, >12 hr).
Sediment bacterial abundance was estimated by epifluorescent direct counts of cells dislodged from sediments with a tissue homogenizer (Findlay et al. 1986 ) and stained with acridine orange (Hobbie et al. 1977) . Cell abundances were converted to biomass (mg Bact-C/ m 2 ) based on a weighted average cell volume of 0.13 nm 3 for Coweeta sediment bacteria (J. L. Meyer, unpublished data) and 2.2 x 10" 13 g Bact-C/Mm 3 (Bratbak 1985) . To evaluate the relationships between organic matter, the microbial community, and IDOC, we manipulated sediment organic matter content at the experimental site during July 1983 and March 1984. Sediments from a 1-m 2 plot in a depositional area on the upstream side of a fallen tree were removed to a depth of 10 cm or to the bedrock substrate. The cavity was divided into three adjacent 33 x 100 cm sub-sites. One third of the sediments was mixed by hand and returned to the upstream sub-site serving as the medium organic content treatment. Another third (low organic content) was combusted at 525°C for nine hours and replaced downstream of the medium organic content sediments. To the last third (high organic con- (24) 0.46 ± 0.18 (7) 0.58 ± 0.30 (6) 0.98 ± 0.12(42) 1.31 ± 0.27 (15) tent) we added dried, crushed and leached leaf material (predominantly Quercus, Carya, and Aesculus) collected from the nearby forest floor. IDOC glass sampling tubes (four during the July experiment and three during the March experiment) were placed in each treatment plot to sample IDOC at 6-8 cm depth. These tubes remained in place for the duration of each experiment. In addition to IDOC concentration, we measured discharge, water temperature, sediment organic matter content, and bacterial biomass in the top 2 cm as described above. Samples were collected for two to three weeks after treatment during the July experiment, depending on the sample type. The March experiment was conducted in two phases. At the end of the first week post treatment, the dialysis bags were removed and IDOC concentration was measured as described above. Cores from the top 2 cm of each sub-plot were pooled, mixed, and sub-sampled to determine organic matter content, bacterial biomass, and bacterial production. Sediment organic matter content and bacterial biomass were estimated as described above. Bacterial production was determined by measuring incorporation of 3 Hthymidine into bacterial DNA as adapted for stream sediments (Findlay et al. 1984) . This method includes a DNA extraction so that only thymidine incorporated into bacterial DNA is counted. The method also uses an isotope dilution procedure to assess the size of the nonradioactive thymidine pool and hence more accurately determine specific activity. All dilutions v^re done in triplicate and the data combined to yield a single value for production in each plot.
In August 1984, five and a half months after the initial treatment, we sampled interstitial water from the glass tubes by pipet just before inserting dialysis bags and again after removing the bags one week later. These samples were treated as described above for water column samples. They constitute "total IDOC" which includes compounds sampled by dialysis and compounds excluded by dialysis. Sediment organic matter content and benthic bacterial biomass were also measured in samples from the 6-8 cm core band (the level of IDOC samples).
Statistical significance was defined at the 0.05 level throughout this work.
Results
Sediments at the upstream site always contained more organic matter than at the downstream site (f-test, Table 1 ). Benthic bacterial biomass was also greater at the upstream site (f-test, Table 1 ). No consistent seasonal (t-test) or site (paired f-test) differences in water column DOC concentration were observed (Table  1) . IDOC concentration was greater during the dormant season (November-April) than during the growing season (May-October) at both sites (f-test, Table 1 ). The two sites showed no significant difference in mean IDOC concentration over either season (Table 1) . IDOC concentration was greater than water column DOC concentration at both sites during both seasons (Mest , Table 1 ). When increases or decreases in IDOC concentration occurred between successive sampling days, DOC concentration often increased or decreased in a similar manner (Fig.  1) .
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Lack of treatment replication restricts our statements concerning differences between treatments to statements concerning the plots only. Comparisons of plot means were made using ANOVA followed by a PSD (protected least significant difference test, Snedecor and Cochran 1980) across POM treatment within experiments. Because several sediment cores from each site were pooled and sub-sampled, withinsite variability is unknown for % organic matter content, bacterial biomass, and bacterial production. Confidence intervals (95%) are reported to indicate the variability of these subsamples, and this variability is used to approximate within-plot variability for comparisons of means.
The organic matter content of POM treatment plots for each experiment is given in Table 2 . Rapid recovery of organic matter on the surface of combusted sediments was due to a dark layer of fine material which settled onto the sediments. Microscopic examination of this material revealed a predominance of invertebrate and copepod fecal material, leaf and wood litter, harpacticoid copepods, fungal hyphae, bacteria, amorphous material, and few mineral grains.
Bacterial biomass differed significantly among all POM treatment plots during each experiment (Table 3 , ANOVA-PSD on log-transformed data). Within two weeks bacterial biomass was generally proportional to organic matter content of these experimental sediments.
Bacterial production in each plot was measured after one week in the March experiment (Table 3) . Lowest bacterial production was found in low POM sediments. Because only single measurements were made for each treatment, comparisons of production values are based on the standard error of this method for sediments (30% of value, Findlay et al. 1984 ). IDOC concentration of samples taken by dialysis did not differ significantly between POM treatment plots during the third week of the July experiment or during the first week of the March experiment (Table 3 , ANOVA on logtransformed data). Five and a half months after the March treatments, mean IDOC concentration of samples collected by dialysis did not differ significantly between POM treatments (Fig. 2, ANOVA) . However, the concentration of total IDOC, which includes compounds sam- pled by dialysis and compounds excluded by dialysis, was significantly different among all POM plots (ANOVA-PSD) and increased with increasing organic matter content of the 6-8 cm band on both sampling dates (Fig. 2) . (Fig. 2) . These observations show that a substantial portion of total IDOC is excluded by dialysis membranes with a nominal molecular weight cut-off of 50,000. Furthermore, these high molecular weight compounds accumulate in proportion to the amount of sediment organic matter present (Fig. 2) , as would be expected if leaching rate is proportional to organic matter content and if the rates of loss of high molecular weight compounds (via fluvial and microbial paths) are relatively low and independent of organic matter content. In contrast, lower molecular weight IDOC sampled by dialysis probably contains a greater proportion of compounds available to microbes. In a related experiment where leaf leachates were added to sediments, Crocker (1986) observed elevated IDOC concentrations of samples taken by dialysis only from combusted sediments with reduced bacterial biomass. Also Meyer et al. (1987a) found greater uptake and bacterial growth in the. < 1000 mol. wt. DOC fraction of stream water from Coweeta. Thus, sampling by dialysis selects a component of total IDOC which is more available to the microbial community.
Water column DOC concentrations were similar to values reported for other Coweeta streams (Table 1; Meyer and Tate 1983 , Meyer et al. 1987b . Sediment organic matter content at all sites was typical of other Coweeta streams (Table 1 ; % organic matter range 1%-20%; J. L. Meyer, unpublished data) . Benthic bacterial biomass (Table 1) was similar to that in another stream at Coweeta (16-169 mg C/m 2 , Meyer et al. 1987b ). The clearest relationship between bacterial bio-mass and sediment organic matter content is one of increasing bacterial biomass with increasing organic matter content of the sediments (Tables 1-3) , although the July 1983 medium POM treatment is an exception to this trend (Table 2) . These data do not differ significantly from the regression of bacterial biomass on % AFDM reported from sandy sediments of a blackwater river ( fig. 2 in Findlay et al. 1986) , although all of our data points fall below that best-fit regression line. Benthic bacterial production seven days after sediment manipulation during the March experiment was also within the range observed in a blackwater river (table 4 in Findlay et al. 1986 ). In contrast to bacterial biomass, all estimates of bacterial production fall above the best-fit regression line for bacterial production on % AFDM from the blackwater river ( fig. 2 in Findlay et al. 1986) .
Two basic patterns were revealed by studies at the unmanipulated sites. First, the concentration of IDOC less than 50,000 molecular weight was generally greater than water column total DOC concentration (Table 1, Fig. 1 ). Differences between total IDOC and water column DOC would be even greater. Water samples taken by pipet from the glass tubes at the manipulated site indicated that the concentration of total IDOC was greater than the dialyzed samples (Fig. 2) . Second, although there was no seasonal difference in water column DOC concentration, IDOC concentration was greater during the dormant season (Table 1) . Data from the experimental study are useful in interpreting the mechanisms behind these observed patterns.
The observed concentration and molecular weight distribution of IDOC is the net result of DOC generation during organic matter decay and benthic microbial metabolism of the lower molecular weight compounds. Total IDOC concentration and bacterial biomass increased with increasing organic matter content (Tables 1-3 , Fig. 2 ) indicating both increased DOC generation when sediment POM content is higher and a bacterial response to increased DOC supply. In contrast, the relationship between organic matter content and low molecular weight IDOC concentration was not simple (Fig. 2) . Lower molecular weight compounds are more susceptible to removal by the microbial community Bott 1983, Meyer etal. 1987a) ;hence, the concentration of IDOC sampled by dialysis was independent of organic matter content in both undisturbed sediments (Table 1) and in  experimental plots (Tables 2,3 , Fig. 2 ). Microbes influence IDOC released during organic matter decomposition by metabolizing labile compounds. Refractory IDOC remains.
Higher concentrations of low molecular weight IDOC during the dormant season may be related to higher IDOC production rates associated with increased organic matter supply at that time (Crocker 1986) and to the decomposition of relatively new organic matter. Even though microbial metabolism has been shown to increase with organic matter supply (Graff et al. 1982, Molongoski and Klug 1980) , the rate of IDOC consumption may lag behind the rate of IDOC production, as has been shown for water column DOC (McDowell and Fisher 1976, Meyer et al. 1987b) , particularly under the lower temperatures of the dormant season.
Seasonal differences in water column DOC concentration were not observed (Table 1) . Stream sediments, including those at the experimental site, have been shown to remove some DOC from the water column rapidly (Crocker 1986 , Dahm 1981 , Kuserk et al. 1984 , Lush and Hynes 1978 , McDowell and Fisher 1976 . Other compounds produced during organic matter decomposition, such as humic and fulvic substances, are less available to benthic microbial communities and will be released from the sediments by fluvial processes. Water in the headwater stream of Dryman Fork was shallow (3-5 cm), flowed slowly (total stream velocity ca. 0.2-2 cm/s), and was exposed extensively to sediments. Seasonal variation in DOC concentration may not have been observed owing to the ability of these sediments to remove labile DOC from the water column, and to the dilution of refractory compounds by increased stream volume during the dormant season.
A direct coupling between water column DOC and IDOC was not shown by the data on relative concentration and seasonal patterns. This was potentially due to differences in sampling method, since water column samples were instantaneous measures and dialysis IDOC samples were taken over a 6-14 d equilibration period. Lack of coupling does not imply that interactions between the water column and interstitial water do not occur. For example, sediments at the experimental site were in a recharge area where the water column was a major source of interstitial water. Differences in total IDOC concentration between sampling dates in August 1984 (Fig. 2) show a direct effect of water column DOC concentration on total IDOC concentration. Both water column DOC and total IDOC concentration were higher on 23 August than on 31 August. The patterns of temporal changes in DOC and IDOC concentration at the upstream site were also similar to each other (Fig. 1) ; but, unlike the experimental site, the upstream site is in a discharge area where water moves up through the interstitial zone and into the water column. At this upstream site, water column DOC was not a source of IDOC. Either changes in water column DOC concentration were influenced by changes in IDOC concentration or water column DOC and IDOC were responding independently to changes in groundwater DOC supply, or both. The relationship between water column DOC and IDOC was determined by the net exchange of water between sediments and the water column; i.e., by local hydrogeomorphic characteristics that change spatially and temporally.
In summary, low molecular weight IDOC compounds were present in low concentrations, but not as low as normally observed for water column total DOC. IDOC and water column DOC concentrations showed different temporal and spatial patterns. Low molecular weight IDOC concentration was greater during the dormant season, whereas no seasonal differences in water column DOC concentration occurred. IDOC and water column DOC concentrations were related, however, depending on local hydrogeomorphic characteristics. The concentration of total IDOC, which contained mostly refractory compounds, was directly related to sediment organic matter content. In contrast, owing to the influence of microbes, low molecular weight IDOC concentration was not related to sediment organic matter content. Hence, the use of IDOC by benthic microbes was a potential trophic link between the riparian forest and the hyporheos. In this small stream, IDOC appears to be a source of mostly high molecular weight and presumably refractory DOC to the water column.
